radiances and emissivities were determined from moderate-resolution emission and absorption measurements in the exhaust gases of a small rocket motor. Data was obtained in the 2 to 3 p region for ClFa-NHs combustion products in which hydrogen fluoride was the principal infrared emitting species. The results are presented as average spectral emissivities, which are considered to be representative of 3.0 cm-atm of HF at 1250°K. The experimental techniques and methods of data analysis are discussed in some detail.
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EXHAUST GAS PROPERTIES
The absorption and emission measurements to be reported were made near the nozzle exit of a small water-cooled liquid-propellant rocket thrust chamber. The ClFs-NH3 propellant combination was selected as a convenient means for producing hydrogen fluoride as the principal infrared emitting species in the exhaust. Typical values of the exhaust composition predicted from the standard thermochemical relation@) on the basis of no molecular recombination during the expansion,'(equilibrium concentrations of HF would not be significantly different), are shown in Fig. 1 .
FIG. 1 . Exhaust compositions determined from thermochemical calculation.
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;.,, , Figure 2 shows the dimensions of the interior of the motor and the location of the radiometric field of view in the exhaust jet. The flow in the conical part of the nozzle was assumed to be source-likeus) ; isotherms were therefore taken to be spherical surfaces orthogonal to the diverging streamlines. Neglecting the thin boundary layer along the nozzle wall, one-dimensional calculations of the properties of the expanding gases indicated that the divergence in the flow would result in a gradient of the order of 10°K in the plane of the exit. This spatial variation in temperature corresponded to a local radiance within the overall experimental error of the radiometric measurements and was considered negligible; pressure and density gradients in the exit plane were likewise unimportant. Since the strength of the compression shock wave and the thickness of the mixing region in the exhaust both approach zero at the nozzle exit, and since unsteadiness of flow was considered to be of minor influence, the following approximation was made.
FIG. 2. Field of view in exhaust jet.
The optical path was presumed to be through a uniform isothermal region, of leng equal to the nozzle exit diameter, with a pressure and composition equal to the theoretic values for frozen flow.
RADIOMETRIC INSTRUMENTATION
The spectral radiometer used in the present investigation is described in detail els where.(l4) In essence, it consists of a commercially manufactured monochromat equipped with a CaF2 prism, a set of entrance optics of special design, a blackboc radiator to provide an intensity calibration, detectors with their associated electronic and a direct-writing oscillograph. The instrument was specifically designed for its prese use in remote operation. The scanning rate, recorder chart speed, slit openings, electric gains, and time constant of the recorder input circuit were adjusted as required to produl an optimum record during the limited duration of the rocket firing; the proper setting found by experience, depended to a large degree on the particular objectives of a give test.
Intensity calibrations were obtained by means of the blackbody source built into tl instrument and operated at temperatures spanning that in the exhaust gas. The beam fro the source filled the entrance optics and formed an image that filled the entrance slit I the monochromator. An examination of the optical circuiW) would show that the indic, tions of the instrument can be reduced to the spectral radiance of an extended sourc so long as the field of view is filled.
A wavelength calibration was initially obtained from the identification of lines in tl near infrared emission spectrum of Hg and in the absorption spectra of H20, CO2, an HCI. However, the final calibration in the 2-7 TV region was obtained from the spectr, measurements of HF emission; the rotational lines in the fundamental band were easil identified and their accurately known wavelengths assigned. The experimental arrangement by which the emission and absorption measuremen were made is shown schematically in Fig. 3 . Attenuation by atmospheric H20 and CC was reduced to the point of being unobservable by flushing the entire optical pat (w 5 m) with extremely dry nitrogen. The absorption measurements made use of "greybody" source which is identical in construction to the blackbody calibration source(l@ except for the radiation element. For this application, a solid graphite element of rectangular cross section was used; the effective radiating surface of $ in. x 1 in. filled the field of view of the spectrometer. With this arrangement, emission-absorption measurements require three spectral scans : two during the motor operation, and one immediately before or after, respectively representing the exhaust radiance, the radiance of the .greybody seen through the exhaust, and the radiance of the greybody alone. However, most of the actual data-gathering runs in the present study included additional scans : repeat scans of the flame to verify the stability of the motor operation throughout the test, and scans of the greybody both before and after the run to confirm the constancy of the source temperature and the window transmittance. For the latter purpose, an auxiliary section of duct was added and flushed. In addition, immediately after each run, calibration scans were made with the blackbody set at intensities spanning those noted during the run.
METHODS
OF DATA REDUCTION
The oscillograms obtained for the flame emission were reduced to absolute determinations of spectral radiance as follows. For each run, a curve of inverse sensitivity (the ratio of the deflection on the oscillogram to the spectral radiance producing it) was aetermined from the blackbody calibration spectra throughout the wavelength region of interest. The ability to produce these curves is contingent upon the linear response of the entire system to radiant input power. From such a curve and the original oscillogram, the values of the spectral radiance of the exhaust were directly determined by using the relation
where NA is the radiance corresponding to the oscillograph deflection DA, and (N/D)A is the inverse sensitivity. Radiances were so determined at enough points to reproduce the actual shape of the emission spectrum in the original record. The values of spectral radiance were deduced without correction for the window transmission; since the attenuation was due primarily to the Fresnel losses, the reflected radiation from the opposite window would add to the exhaust radiance and, for optically thin flames, very nearly compensate for the loss through the nearer window; the residual error would be well within the overall experimental error. In principle, the spectral emissivity as a function of wavelength can be calculated point by point from the oscillogram deflections, which are linear functions of the radiance, by the relation
where DA, Di, and Di, respectively, are the deflections corresponding to the exhaust radiance, the radiance of the greybody viewed through the flame, and the actual greybody radiance. However, this calculation becomes very inaccurate in regions of low emission and absorption. Therefore, the emissivities reported herein were determined by using a different procedure. The effective gas temperature T was deduced from the observed emission and absorption in the most prominent lines using the definition N:(T) = N,,z/+)
where N:(T) is the equivalent spectral radiance of a blackbody at temperature T, and the spectral radiance and emissivity at particular wavelengths At were determined by equations (1) and (2). The fact that such absorption-emission temperature determinations are independent of instrument resolution can be shown. ( 17) In the present study an average was taken of the temperatures obtained for lines P(5) through R(4), which were most easily seen in absorption against the background of greybody emission. The spectral emissivities throughout the band were then calculated from
It should be noted that the spectral emissivities and radiances so determined are not "absolute" in the sense of being independent of the instrumental settings. Rather, they represent effective averages for the resolution at which they were obtained; conversion to "absolute" values would require precise knowledge of the spectrometer slit function. However, they may be properly called "absolute" in the sense of providing the basis for determining the actual amount of radiant power emitted by the gas; the integrated value of these effective spectral quantities over the entire band, or part of the band encompassing several lines, would be independent of the spectrometer slit opening. It should also be noted that knowledge of the greybody temperature is not required for the determination of flame emissivity, and that equation (2) is applicable even when the source temperature is lower than the flame temperature. However, the best results are obtained when the source is considerably brighter than the flame throughout the entire spectral region of interest. Figure 4 is an unretouched reproduction of an original recording of the flame emission obtained at a spectral slit width of OX)03 TV using the PbS detector. The spectrum is primarily that of HF in the fundamental vibration rotation band. The lines in the R-branch are resolved out to R(l l), beyond which they merge to form a band head at 2.27 p; the lines in the P-branch are recognizable out to P(14), beyond which the sensiti- vity of the PbS detector falls off rapidly. The actual line-widths are much smaller than apparent in the original recording; the observed triangular line shape is due to geometrical effects in the monochromator and is more representative of the slit-function of the instrument than of the true line shape. In addition to the rotational lines in the 1 -+ 0 fundamental band, a number of lines in the 2 -+ 1 band were identified, and a few in the 3 -+ 2 band were tentatively identified, as indicated. A typical set of unreduced absorption and emission spectra are shown in Fig. 5 ; the requirement for additional scans necessitated the somewhat lower resolution. The lines identified both in emission and absorption are indicated.
EMISSION AND ABSORPTION SPECTRA
Since combustion in a liquid propellant rocket engine will not remain stable over a very wide range of fuel-oxidizer mixture ratio, the combustion temperature and hence the exhaust temperature (the ratio of which is nearly constant for a De Lava1 nozzle of FIG. 4 . Emission spectrum of HF in the 2.5 ~1 region. fixed geometry) could not be varied appreciably during the present study. In general, slightly greater radiances were observed with leaner mixtures, but the resultant differences in the spectral emissivities, to be discussed presently, were not significant. The spectra presented in Figs. 4 and 5 are, however, typical of many measurements which were made over a limited range of mixture ratios, and which were without exception comparable in magnitude and nearly identical in spectral detail.
SPECTRAL RADIANCES AND EMISSIVITIES
Using equation (l), the emission spectrum can be reduced to spectral radiance as a function of wavelength. The radiance spectra can be re-expressed in terms of spectral emissivities by use of the emission and absorption measurements in equations (2), (3), and (4). In essence, this procedure is a normalization of the measured radiances using the appropriate values of the blackbody function corresponding to the temperature assigned to the gas. As mentioned previously, the lines P(5) through R(4) were most easily measured in absorption as well as in emission; the emissivities and gas temperatures deduced from these measurements using equations (2) and (3) are summarized in Table 1 . The normalized radiances, i.e. spectral emissivities computed by equation (4), are presented in Fig. 6 . The overall similarities in the spectra are mainly a consequence of the fact that the concentration of HF, the major species in the exhaust, is not very sensitive to the mixture ratio. The dissimilarities in the relative amplitudes among the more intense lines from one spectrum to another were attributed to slight fluctuations in gas temperature during scanning; even repeat scans during the same run showed such differences.
In addition to the measurements using a PbS detector, spectra were obtained with a PbSe detector for the purpose of observing the longer-wavelength emission from HCl, the other infrared emitting species in the exhaust from ClFs-NH3 combustion. Because the PbSe cell has a lower detectivity, the emission spectra were necessarily obtained at a considerably lower resolution, and it was not possible to measure absorption. Therefore, emissivities were calculated by using equation (4) with an assumed gas temperature consistent with that previously determined by the PbS measurements. Figure 7 shows typical spectra of the emissivity of HF and HCl for various mixture ratios. Because of the lower resolution, there is comparatively little spectral detail, although both branches of the HCl fundamental band, centered at approximately 3.5 I_C, are evident. Also apparent is the slight overlap of the R-branch of HCI with the P-branch of HF in the 3.0 to 3.2 p region.
Average spectral emissivities are presented in Figs. 8 and 9, which are composites of Figs, 6 and 7, respectively. These presentations are considered to be representative of a gas temperature of 1250°K and optical depths of 3 cm-atm for HF and 1 cm-atm for HCI.
The spectral radiances and emissivities reported herein appear to be representative, in overall magnitudes, of gases in thermal equilibrium at the assigned temperatures and optical depths. However, temperature gradients, vibrational lags, partial recombination, or other nonequilibrium effects in the expansion of combustion products in a De Lava1 nozzle, if present, can influence the observed spectra of the supersonic exhaust gases. Some of these effects will be discussed in a forthcoming report,(l*) in which the data will be analyzed in more detail and compared with theoretical predictions.(la~aO) The present measurements of spectral emissivities can be used to predict radiances from similar gaseous systems, at the same temperature but for other optical depths, by well known methods based upon appropriate molecular band models.(ar-raves) Extrapolation to systems at other temperatures is more difficult, requiring knowledge of the variation with temperature of the average spectral absorption coefficients corresponding to the measured absorptances. Therefore, additional measurements over a range of temperatures would be requisite for a completely empirical evaluation of such variation. Alternatively, theoretical results, which agree with the measurements at the observed optical depths and temperatures, can be applied elsewhere with more confidence.
